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ABSTRACT
Type Ia supernovae, with their remarkably homogeneous light curves and spectra, have been used as
standardizable candles to measure the accelerating expansion of the Universe. Yet, their progenitors
remain elusive. Common explanations invoke a degenerate star (white dwarf) which explodes upon
reaching close to the Chandrasekhar limit, by either steadily accreting mass from a companion star
or violently merging with another degenerate star. We show that circumstellar interaction in young
Galactic supernova remnants can be used to distinguish between these single and double degenerate
progenitor scenarios. Here we propose a new diagnostic, the Surface Brightness Index, which can
be computed from theory and compared with Chandra and VLA observations. We use this method
to demonstrate that a double degenerate progenitor can explain the decades-long flux rise and size
increase of the youngest known Galactic SNR G1.9+0.3. We disfavor a single degenerate scenario.
We attribute the observed properties to the interaction between a steep ejecta profile and a constant
density environment. We suggest using the upgraded VLA to detect circumstellar interaction in
the remnants of historical Type Ia supernovae in the Local Group of galaxies. This may settle the
long-standing debate over their progenitors.
Subject headings: ISM: supernova remnants — radio continuum: general — X-rays: general — bi-
naries: general — circumstellar matter — supernovae: general — ISM: individual
objects(SNR G1.9+0.3)
1. INTRODUCTION
Type I supernovae were classified by Minkowski (1941)
to be a largely homogeneous group characterized by
the lack of Hydrogen in their spectra. A major sub-
set called Type Ia, which have early-time spectra with
strong Si II (Filippenko 1997), are believed to come from
the thermonuclear explosions of degenerate stellar cores
(Wheeler & Harkness 1990). Despite their homogeneity,
peak absolute magnitudes of Type Ia supernovae are not
constant. Phillips (1993) related their peak brightness to
the width of their light curve. This allowed Riess et al.
(1996) to standardize them as reliable distance indica-
tors. Type Ia supernovae have been used as standard
candles, leading to the discovery of the accelerating ex-
pansion of the Universe (Riess et al. 1998; Schmidt et al.
1998; Perlmutter et al. 1999). As a consequence of their
importance in astronomy and cosmology, Type Ia super-
novae are the subject of various theoretical and obser-
vational studies. Yet, much remains to be known of the
stellar systems that produce these explosions.
It is generally agreed upon (Hillebrandt & Niemeyer
2000) that Type Ia supernovae mark catastrophic ex-
plosions of white dwarfs near and or above the Chan-
drasekhar (1931) limit. Accreted mass, required to desta-
bilize the white dwarf, is transfered from a binary com-
panion whose nature is as yet unknown. The single
degenerate (SD) model (Whelan & Iben 1973; Nomoto
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1982) uses a progenitor system with a white dwarf and
a non-degenerate companion. The companion can be a
main-sequence, sub-giant, He star, or red-giant. In con-
trast, the double degenerate (DD) model (Webbink 1984;
Iben & Tutukov 1984) relies on the merging of two white
dwarfs.
Red supergiant progenitors of Type IIP supernovae
(Smartt et al. 2009) have been identified in pre-explosion
images of host galaxies. Chevalier et al. (2006) suggested
using the interaction of the supernova ejecta with the cir-
cumstellar matter as a probe of mass loss from these red
supergiants. Circumstellar interaction is now being used
to constrain the nature of Type IIP supernova progeni-
tors (Chakraborti et al. 2012, 2013, 2015).
Unlike the massive stellar progenitors of core collapse
supernovae, many of the putative progenitors for Type Ia
supernovae are too faint to be detected in external galax-
ies through direct imaging with the present generation of
optical telescopes. As a result circumstellar interaction,
or lack thereof, is a promising method for discerning the
progenitors of Type Ia supernovae. Properties of super-
nova remnants may provide a consistency check for the
models of Type Ia supernova progenitors (Badenes et al.
2007). Circumstellar interaction in Type I supernovae
may produce radio emission (Chevalier 1984). Recently,
the lack of such early radio (Chomiuk et al. 2012; Horesh
et al. 2012) and X-ray (Margutti et al. 2012) emission,
from Type Ia SN 2011fe, has ruled out much parameter
space for SD scenarios. We seek to extend the scope of
such studies to young supernova remnants.
We predict temporal evolution of size and optically
thin radio and X-ray synchrotron emission from a young
supernova remnant. Radio and X-ray lightcurve during
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this regime shows distinctly different behavior for SD and
DD scenarios. We compare these with long term radio
and X-ray observations of the youngest known Galactic
supernova remnant, SNR G1.9+0.3. We develop a diag-
nostic, the Surface Brightness Index, to compare the flux
and size evolution. We show that observations are incon-
sistent with a SD scenario and can be explained by a DD
scenario. So we favor a scenario in which two degenerate
stars collided in a nearly constant density environment
to produce the supernova that made SNR G1.9+0.3. We
suggest that the way to discern the progenitor systems of
Type Ia supernova remnants is to measure the change in
radius and flux over time and then compare them with
our models to check which one is favored. We also show
that two separate spectral indices should be expected for
the X-ray and Radio emission, when considering electron
cooling due to synchrotron losses. We find that this effect
is also observed in SNR G1.9+0.3.
2. SNR G1.9+0.3
Radio surveys, using the Very Large Array (VLA),
identified SNR G1.9+0.3 as the smallest (R ∼ 2 pc), and
therefore possibly the youngest Galactic supernova rem-
nant (Green & Gull 1984). Chandra X-ray Observatory
data confirmed that this young remnant is in the freely
expanding phase as a X-ray-synchrotron-dominated shell
supernova remnant (Reynolds et al. 2008). Subsequent
radio and X-ray observations confirmed its expansion and
brightening (Green et al. 2008; Borkowski et al. 2014).
Spectral variations in X-rays, interpreted in terms of
magnetic field obliquity dependence of cosmic ray ac-
celeration, have been used to argue for a Type Ia event
(Reynolds et al. 2009). Ejecta distribution asymmetry
and inhomogeneous abundances have also been inter-
preted in context of Type Ia models (Borkowski et al.
2013). Furthermore, the remnant is not associated with
any known star-forming region. All these point towards
SNR G1.9+0.3 being a young remnant of a thermonu-
clear supernova; a Galactic Type Ia supernova in the 19th
century, unobserved due to the large extinction along the
Galactic plane. In this paper we develop a method to
discern the progenitor systems of Type Ia remnants and
demonstrate it using SNR G1.9+0.3.
3. CIRCUMSTELLAR INTERACTION
Most early emission from supernovae is powered by
heating due to radioactive decay. Whereas, most emis-
sion from old supernova remnants is powered by cooling
of shock heated ejecta and circumstellar matter. Less
attention is given to late emission from supernovae and
young remnants where radioactive heating becomes less
important and is gradually overtaken by circumstellar in-
teraction. SNR G1.9+0.3 provides a unique window into
this young remnant stage, where circumstellar interac-
tion is the major source of heating, yet the swept up
mass is low enough that the remnant is in nearly free ex-
pansion. This allows us to build a simple model for radio
synchrotron emission from a young supernova remnant.
3.1. Initial Conditions
We consider a scenario (see Figure 1) where the ejected
mass interacts with circumstellar matter at a radius R(t)
(Chakraborti & Ray 2011). Following Chevalier (1982b),
we label the mass of the shocked circumstellar matter as
Radius R(t)
Explosion Center
Shocked Ejecta (M2)
Unshocked 
Circumstellar Matter
Radio Synchrotron 
Emission
Shocked Circumstellar Matter (M1)Unshocked Ejecta
Fig. 1.— Schematic representation of the model used to predict
the size and flux density evolution of young supernova remnants.
The ejecta and circumstellar matter are heated by shocks at the
interaction. A fraction of the thermal energy goes to magnetic
fields and accelerated electrons. The synchrotron emission from
these electrons drive the flux density evolution.
M1, and the shocked ejected mass as M2. The density
inside the contact discontinuity is ρsn and the density
outside is ρcs. The circumstellar density profile is dif-
ferent in the SD and DD cases. In the SD case, the
density is shaped by the mass loss (M˙) from the wind
(with velocity vw). This can happen in a various ways,
such as loss from the outer Lagrange point or the winds
driven by accretion on to the degenerate companion. In
the DD case, where neither star has appreciable winds,
the circumstellar environment is essentially provided by
the local density that remains mostly unaltered by the
binary and is assumed constant for this simple model.
We express the pre-explosion circumstellar density
(ρcs) at a distance r as,
ρcs ∝ r−s. (1)
In the above equation, the power law index s is 2 for the
SD case and 0 for the DD case. The presence of nova
shells do not alter the situation. The age of the remnant
under consideration is approximately 150 years (Green
et al. 2008) and this is much larger than the time it would
take to sweep up the distance between individual shells,
which is between 1 and 10 years. Thus, the granularity
presented by the shells does not matter in the long term
evolution of the size and flux.
We assume that the fastest moving ejecta has a power
law density profile,
ρsn ∝ v−nt−3 ∝ r−ntn−3. (2)
This substitution is allowed for the ejecta in homologous
expansion which has not yet interacted with anything.
This allows us to use v ≡ rt . Note that only a small
fraction of the matter ejected by the supernova is at the
very high velocities. The steepness of this profile is con-
trolled by the power law index n, which must be greater
than 5 for the total energy in the ejecta to be finite. Col-
gate & McKee (1969) suggested profiles with n = 7 for
an explosion of a high mass white dwarf. Nomoto et al.
(1984) used their W7 model to explain the early spectral
evolution of of Type Ia supernovae. Models like these
often had steep ejecta profiles, prompting some authors
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to consider exponential profiles (Dwarkadas & Chevalier
1998).
3.2. Blastwave Dynamics
Here we consider the scaling relations of different pa-
rameters depending on the circumstellar density profile
and the explosion profile. We begin by finding the mass
of the shocked circumstellar matter, M1 as
M1 ∝
∫ R
0
ρcsr
2dr ∝ R3−s. (3)
This is simply the mass enclosed in the spherical region
that has been hollowed out by the explosion. By eval-
uating the integral we find M1’s dependence on radius.
Next we find the amount of shocked ejected mass M2 as
M2 ∝
∫ ∞
R
ρsnr
2dr ∝ tn−3R3−n. (4)
This is the mass that has already interacted with the
circumstellar medium and has been slowed down. In the
same fashion as before we evaluate the integral to find
how M2 depends on radius.
The next useful quantity to evaluate is the pressure.
The pressure that the shocked circumstellar mater exerts
P1, and the pressure of the ejected mass P2, compete to
decelerate or accelerate the expansion of the remnant.
The pressure provided by the flux of momentum brought
in by the matter reaching the contact discontinuity is
proportional to the density times the square of the ve-
locity.
P1 ∝ ρcs(R′)2 ∝ t−2R2−s (5)
P2 ∝ ρsn(R′)2 ∝ tn−5R2−n (6)
These two equations are simplified by substituting our
expressions for the different densities. We also know the
shell is decelerating as it interacts with the circumstellar
material (Chevalier 1982c). This deceleration is propor-
tional to the difference in pressure times the area of the
shell, so
(M1 +M2)R
′′(t) ∝ R2(P2 − P1). (7)
We use this to see how radius scales with time.
(M1 +M2)
R
t2
∝ R2(P2 − P1) (8)
Therefore, after plugging in our previous scaling rela-
tionships for M1,M2, P1, andP2 we see that,
R ∝ tn−3n−s . (9)
We call the power index of this equation m from now on.
So,
R ∝ tm, (10)
where
m ≡ n− 3
n− s . (11)
3.3. Magnetic Fields and Particle Acceleration
Now we use these scaling relations to figure out how
the thermal energy, magnetic field, number of accelerated
electrons, and finally the flux scale with time. We find
the thermal energy by evaluating the kinetic energy lost
during the decelerated expansion.
Eth ∝M1(R′)2 ∝ t
(n−5)(3−s)
n−s (12)
Note, that in both the SD and DD cases, as long as t
is less than the Sedov time, bulk of the energy remains
locked up in the kinetic energy of the ejecta. The thermal
energy E is lesser than E0 and steadily increasing during
this phase. As more and more gas is shock heated by
the circumstellar interaction, a fraction of this energy
is made available for magnetic field amplification and
cosmic ray acceleration. This is what drives the radio
lightcurves of late time supernovae (Chevalier 1982b) and
young remnants (Cowsik & Sarkar 1984).
Considering magnetic fields of average strength B, pro-
duced by turbulent amplification at shocks, total mag-
netic energy scales as,
EB ∝ B2R3. (13)
Following Chevalier (1982b) we consider, that a frac-
tion of the thermal energy goes into producing magnetic
fields. Therefore, the magnetic field scales as,
B ∝ (EthR−3)1/2 ∝ t
s(5−n)−6
2(n−s) . (14)
We consider a shock accelerated electron distribution
where the number density of energetic electrons is given
by N0E
−pdEdV . Here N0 is the normalization of the
spectrum of accelerated electron and p is the power law
index of the same spectrum. We assume that this distri-
bution extends from γmmec
2 to infinity, filling a fraction
of the spherical volume of radius R. Therefore the total
energy in accelerated electrons scales like,
Ee ∝ N0R3. (15)
Assuming that this represents a fraction of the total ther-
mal energy, we have,
N0 ∝ EthR−3 ∝ t
s(5−n)−6
(n−s) . (16)
3.4. Synchrotron Emission
Early non-thermal emission from a supernova is often
optically thick even at radio radio frequencies, due to
free-free or synchrotron self absorption. As the optical
thickness reduces with time, the flux density often rises.
The peaking of the radio light curve can take days to
months depending upon the circumstellar density and
expansion velocity. However, late time radio supernovae
display optically thin spectra (Chevalier 1982b). Given
that the young remnant phase follows after the late su-
pernova phase, we can safely assume that the radio emis-
sion (Fν) at a frequency ν ∼ 1 GHz is reasonably approx-
imated by an optically thin spectra.
Following Rybicki & Lightman (1979) and (Chevalier
1982b)
Fν =
4pifR3
3D2
c5N0B
(p+1)/2
(
ν
2c1
)−(p−1)/2
, (17)
where c1 and c5 are constants (Pacholczyk 1970) and
D is distance to source. Since we know R, N0 and B as
functions of time, we can calculate how radio flux density
scales with time,
Fν ∝ R3N0B7/4 ∝ t
3(−54+n(8−5s)+25s)
8(n−s) . (18)
We will call the power index of time in the above equation
β. So,
Fν ∝ tβ , (19)
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Fig. 2.— Value of the Surface Brightness Index ( β
m
, which is
equal to
F˙ /F
R˙/R
) observed from SNR G1.9 + 0.3 compared with the
modeled relationship between β
m
and n for both the SD and DD
cases (Equation 23). The plotted error margin is 2σ. Note that
the prediction from the DD case enters the allowed region, while
that from the SD case does not. We can use this to select the DD
scenario and reject the SD scenario.
where,
β ≡ 3(−54 + n(8− 5s) + 25s)
8(n− s) . (20)
When we inspect the cases for SD or DD scenarios we
see a striking difference in how the flux scales with time.
Fν ∝
{
t−
3(2+n)
4(n−3) for SD (s=2),
t3−
45
4(n−3) for DD (s=0).
(21)
We note that in the SD case flux decreases with time , but
in the DD case flux can increase for explosions with steep
ejecta profiles. This is a stark qualitative distinction.
4. SURFACE BRIGHTNESS INDEX FROM CHANDRA
X-RAY OBSERVATIONS
Recent X-ray observations from Chandra (Reynolds
et al. 2008; Borkowski et al. 2014) tell us that
SNR G1.9+0.3 is expanding and has increasing flux.
Borkowski et al. (2014) found that the flux increases at
a rate of, F˙ /F = 1.9±0.4% yr−1. Reynolds et al. (2008)
measured that the supernova remnant is expanding at a
rate R˙/R = 0.642± 0.049% yr−1.
We know from Equation 10 that R˙/R = m/t. We can
see from Equation 19 that F˙ /F = β/t. The right hand
sides of two relationships are derived from a theoretical
standpoint. Their left hand sides can be determined ex-
perimentally as listed above. We can therefore eliminate
the age of the remnant and solve for βm . This will help
us decide the correct circumstellar density profile and al-
lowed values of the explosion index n, which can explain
the evolution of the remnant. Therefore, from observa-
tions,
β
m
≡ F˙ /F
R˙/R
= 2.96± 0.66. (22)
We name this ratio, the Surface Brightness Index, since
it relates flux and size evolution. It is a dimensionless
number which measures how the brightness of the rem-
nant evolves. Since it does not explicitly depend on the
age, it can be determined from observations even when
the date of explosion is unknown.
The Brightness Index can also be computed from the-
ory. Using the Equations 11 and 20 for m and β we can
write from theory,
β
m
=
{
− 34 × n
2−4
(n−3)2 for SD (s=2),
3
4 × n(4n−27)(n−3)2 for DD (s=0).
(23)
For an expanding remnant, a negative Brightness Index
represents a declining flux while a positive one denotes
a rising flux. The two special cases of βm = 0 and 2 rep-
resent a constant flux and a constant surface brightness
respectively.
In Figure 2 we graph the observed values of βm (and its
range of uncertainty) vs. n (using the relationships found
in Equation 23). This allows us to see which model is
acceptable and what value of n puts the preferred model
in the observed band. Just from the equations we can
see that βm will always be negative in the SD case, so
it will never yield the observed result of simultaneously
increasing flux and size. Thus a SD solution only predicts
decreasing flux, which we know to be untrue from the
observed data. After selecting the s = 0 case based on
observations, we can find our allowed range of n. Using
the chosen values of s and n we determine the age of the
remnant in the next section.
5. AGE ESTIMATES
Having selected the DD explanation (s = 0), based
on observations, we now have to pick a value of n.
Many authors, including Chevalier (1982a), have used a
power law profile with n = 7 following Colgate & McKee
(1969). However, based on the recent X-ray observations
(Borkowski et al. 2014) and comparison with our models
in Figure 2 we notice that we needed a steeper ejecta
profile governed by a larger value for n. From Figure 2
we notice that only models with values of n & 11.5 would
explain the data. We chose 12 as our fiducial value of n
in the rest of this work.
5.1. DD Case
Now we determine the age of the remnant using our
value of n = 12 and s = 0, for the DD case. To this end,
we first find,
m =
n− 3
n
=
3
4
. (24)
We also know that,
R˙
R
=
m
t
=
3
4t
= 0.642± 0.049% yr−1 (25)
Solving for t we have,
t = 116.8± 8.9 yr, (26)
and taking into account that this data was obtained in
2008, we can determine when the supernova exploded.
So from this estimate the supernova occurred in 1892±9
years.
We can also estimate the age using our equation for β
and the change in flux over time. We know,
F˙
F
=
β
t
=
7
4t
= 1.9± 0.4% yr−1. (27)
Solving for t in this case we have,
t = 92.1± 19.37 yr, (28)
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So from this estimate the supernova occurred in 1916±19
years.
The weighted mean of these two ages is 109± 9 years,
which gives an explosion date of around 1899 ± 9. This
is within the upper limit of 150 years proposed by Green
et al. (2008).
5.2. SD Case
Even though the SD case was shown to be inapplicable
to SNR G1.9.0.3, for a consistency check we will now
determine the age in the SD scenario using s = 2. So to
start once again we find m for this case.
m =
n− 3
n− 2 =
9
10
(29)
In the same fashion as above we will first solve for the
age using the value of
R˙
R
=
m
t
=
9
10t
= 0.642± 0.049% yr−1. (30)
So,
t = 140.19± 10.69 yr. (31)
Now using the relationship for how flux changes over
time, we will solve for t again.
F˙
F
=
β
t
=
−7
6t
= 1.9± 0.4% yr−1, (32)
Where β = − 76 . Thus,
t = −61.40± 12.84 yr. (33)
This points to an explosion date in the future, which is
absurd. This result is not physically plausible and merely
shows again that the SD case cannot incorporate a rising
flux.
6. FLUX AND SIZE EVOLUTION
Having picked the preferred scenario based on scaling
relations, we can now explicitly compute the flux and
size evolution. When n = 12 the following equations
describe the progression of the supernova over time for
the DD scenario. We start by looking again at what the
circumstellar density is,
ρcs = ρ0. (34)
Next we enumerate the density of the supernova ejecta.
We assume a broken power law profile where the slow
part has a constant density and the fast part has a power
law profile with n = 12. The profile is determined by the
constant density and the velocity at the point of change.
These two values are completely determined by the initial
energy and the initial mass of the supernova ejecta. Here
E0 is the initial energy, v is the change over velocity, and
M0 is the initial mass.
ρsn =
13.0E
9/2
0
M
7/2
0 t
3v12
(35)
We can compare this with the initial setup and see that
the scaling is the same for s = 0, and n = 12. Next we
can find the masses of the shocked circumstellar matter
(M1), and the ejected mass (M2). These were found
by integrating the respective densities over the relevant
volumes.
M1 =
4
3
piρ0R
3 (36)
M2 =
18.2E
9/2
0 t
9
M
7/2
0 R
9
(37)
We again can see that these agree with the predicted
scalings in Section 3.2.
Next the two pressures are found by multiplying the
flux of momentum trying to cross the contact disconti-
nuity. P1 is the pressure of the shocked cirucumstellar
matter,
P1 =
0.640ρ0
M20
(
ρ0
E
9/2
0 M
17/2
0
)−1/6
t−1/2. (38)
P2 is the pressure of the ejected mass that collides with
the shocked circumstellar matter. Therefore,
P2 =
0.427ρ0
M20
(
ρ0
E
9/2
0 M
17/2
0
)−1/6
t−1/2. (39)
We can then use Equation 7 to solve for the radius,
which comes out as ,
R(t) =
1.07
M0
(
ρ0
E
9/2
0 M
17/2
0
)−1/12
t3/4. (40)
As stated above, thermal energy is less than the initial
energy, but increasing during this phase of the supernova.
The kinetic energy lost due to the interaction with the
circumstellar medium is the thermal energy,
Eth =
2.56E
15/8
0 ρ
7/12
0 t
7/4
M
35/24
0
. (41)
We consider a fraction, f , of the total volume, to be
filled with amplified magnetic fields. So the energy in
the magnetic field is,
EB =
0.202B2E
9/8
0 ft
9/4
M
7/8
0 ρ
1/4
0
. (42)
Assuming that a fraction (B) of the thermal energy goes
into producing this magnetic field, we get
B =
3.56E
3/8
0
(
B
f
)1/2
ρ
5/12
0
M
7/24
0 t
1/4
. (43)
Similarly, to find the energy in the accelerated elec-
trons, the number density of electrons considered is
N0E
−pdEdV extending from γmmec2 to infinity. These
electrons are assumed to fill a fraction f of the spherical
remnant with radius R. So the energy in the accelerated
electrons is,
Ee =
5.08E
9/8
0 f(γmmec
2)2−pN0t9/4
M
7/8
0 (p− 2)ρ1/40
. (44)
Assuming this is a fraction (e) of the total thermal en-
ergy we have,
N0 =
0.503E
3/4
0 e(γmmec
2)p−2(p− 2)ρ5/60
fM
7/12
0 t
1/2
. (45)
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Fig. 3.— Flux densities from VLA radio observations of SNR
G1.9+0.3 at L and C Bands compared with the best fit from the
DD scenario (Equation 47). The data and the favored DD model,
both show a rise. In contrast the disfavored SD model (Equation
49) would have predicted a decaying lightcurve.
Using Equation 17 and assuming e = B = 0.01 we
have,
Fν =
(8.260× 10−6)c5E81/320
(
c1
ν
)3/4
(ρ0t)
21/16
D2M
63/32
0
. (46)
The flux depends directly on the initial energy and in-
versely on the distance to the supernova. It also increases
with time and the initial density of the explosion, in a
limited fashion.
7. PREDICTIONS FOR OBSERVED FLUX AND SIZE
Here we recast the equations from the previous section
in units which can be used to conveniently predict fluxes
and angular diameters, as determined by radio observa-
tions.
7.1. DD Case
First, the equation for the evolution of flux gives us,
Fν =46.6
(
t
100yr
)1.31(
n0
atom/cc
)1.31(
E0
1051ergs
)2.53
×
( ν
GHz
)−0.75( D
10kpc
)−2(
M0
1.4M
)−1.97
mJy.
(47)
This equation shows that the flux depends most strongly
on the initial energy of the explosion and rises with time.
Next the angular diameter, θ ≡ 2RD , is given as
θ =42.7”
(
t
100yr
)0.75(
E0
1051ergs
)0.38(
M0
1.4M
)−0.29
×
(
n0
atom/cc
)−0.08(
D
10kpc
)−1
. (48)
So the angular diameter is most strongly affected by the
distance from the observer to the SNR and the time since
the explosion.
7.2. SD Case
Here we provide the corresponding versions of these
equations, in convenient units, for the SD case. These
are not used for SNR G1.9+0.3 but are provided for ref-
erence. First, the flux can be expressed as
Fν =33.1
(
t
100yr
)−1.05(
M˙
10−7M/yr
)1.58
×
(
E0
1051ergs
)1.35 ( ν
GHz
)−0.75( D
10kpc
)−2
×
(
M0
1.4M
)−1.05(
vw
100km/s
)−1.58
mJy. (49)
We can see from this equation that flux in this case
strongly depends on the distance to the object, D. The
rate of mass loss, M˙ and the velocity of the wind, vw also
affect the flux.
Next the angular diameter can be written as
θ =63.9”
(
t
100yr
)0.9(
E0
1051ergs
)0.45(
M0
1.4M
)−0.35
×
(
M˙
10−7M/yr
)−0.1(
vw
100km/s
)0.1(
D
10kpc
)−1
.
(50)
The angular diameter depends on the distance from the
explosion, and the time since the explosion. There is also
a large direct dependence on the initial energy.
We provide results for both the DD and SD scenarios
so that they can be compared with future observations of
other remnants to see which one more accurately models
the observed evolution.
8. COMPARISON WITH VLA RADIO OBSERVATIONS
We can use the recent radio observations to estimate
the size and flux of the supernova remnant. Equations 47
and 48 let us find how they depend on external density
and initial energy. From Figure 2 in Green et al. (2008)
that depicts the azimuthally averaged radial profile of
the radio emission in 2008, we inferred a mean emission
weighted radius of θ2 = 34.5
′′ at an age of t = 109 yr.
This observed size can be substituted into Equation 48
recast as,
θ = 53.6′′E3/851 n
−1/12
0 , (51)
for the distance to the particular remnant and its age.
In the above equation the only two unknowns are n0 (in
units of atoms/cc) and E51 (in units of 10
51 ergs) as θ is
known from observations.
From the Section 7 we can use Equation 47, with a
value of flux (F0) for observations at ∼ 1 GHz. This
can then be compared to the observed value from Green
et al. (2008). We also use a distance D = 8.5kpc. We
chose this as the distance to the supernova because we
assume it is near the Galactic center. Time of the ob-
servations is measured from our fiducial explosion year
of 1899. Mass of the explosion is assumed to be close to
a Chandrasekhar mass. First we fit (See Figure 3) the
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radio observation with,
Fν(t, ν) = F0
(
(t− 1899)
100yr
)21/16 ( ν
1GHz
)−3/4
Jy, (52)
to find F0, the flux density at age 100 years observed at
1 GHz. We did find that F0 = 1.03 ± 0.05Jy. Next we
can plug this information into,
F0 = 64.5E
81/32
51 n
21/16
0 mJy. (53)
Substituting the observed size and flux into the Equa-
tions 47 and 48, we can therefore solve for the density,
(n0), and the initial energy, (E51). We found that the
values, n0 = 1.8 atom/cc and E0 = 2.2× 1051ergs, when
used in Equations 47 and 48, reproduce the observed
flux and size evolution in the radio. We also note that
these are reasonable values to expect for the density and
initial energy. Note that these values should be seen
as consistency checks rather than determinations of the
density and energy, because of systematic uncertainties
introduced by unknowns like e and B .
9. EFFECTS OF ELECTRON COOLING
The effects of electron cooling on broadband spectrum
may become apparent when observing the spectrum in
both the radio and the x-ray. Magnetic fields that per-
meate the SNR cause the electrons to lose energy, and
cool down. This produces emission that can be described
by a power law,
Fν ∝ να. (54)
However, the radio and x-ray emission may not be ex-
plained by the same power law.
9.1. Spectral model
Above some critical Lorentz factor (γc) the electrons
have lost enough energy that slope of the power law
changes. According to Piran (1999) the slope before the
critical Lorentz factor, possibly at the radio frequencies,
is
α =
1− p
2
, (55)
where we chose p to be 2.5. Once the electrons’ Lorentz
factor is above γc the slope changes to (Piran 1999),
α =
−p
2
. (56)
The Lorentz factor, of radiating electrons, is related to
a corresponding frequency (νc), of emitted photons. Fol-
lowing Rybicki & Lightman (1979), these can be related
as,
ν(γ) = γ2
qeB
2pimec
, (57)
where c is the speed of light, B is the magnetic field,
and me mass of an electron. The critical Lorentz fac-
tor, above which synchrotron losses dominate, is given
by (Sari et al. 1998),
γc =
6pimec
σTB2t
, (58)
where σt is the Thomson cross-section, and t is the age
of the remnant. This critical Lorentz factor comes out
to be, γc ∼ 2 × 105 after evaluating the expression for
SNR G1.9+0.3. Chakraborti & Ray (2011) expressed the
relationship, between the critical frequency and Lorentz
factor, as
νc =
18pimecqe
σ2TB
3t2
, (59)
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Fig. 4.— This graph, of the spectral index predicted by the
fiducial model and that observed in the data, shows that the model
can explain the two different spectral indices at radio and X-ray
frequencies. Note that this is not a fit, but merely a graphical
comparison of the predicted spectral indices with observed ones.
where qe is the charge of an electron. Following this
equation we found that νc = 1.3× 1014Hz, so we expect
that the value of α should change at infrared frequencies.
We checked our estimates by increasing and decreasing
the assumed density by a factor of 10 to see if it would
affect the break where the spectrum changes slope. How-
ever, even after varying the density the break was still in
the infrared. Therefore we expect to see change in slope
somewhere between the radio and x-ray bands, probably
in the infrared.
9.2. Observed Spectral Indices
The L and C band data from Figure 3 was used to
determine the spectral index at radio frequencies. L band
corresponds to frequencies near 4.8 GHz, while C band
corresponds to 1.4 GHz in frequency. We found that the
spectral index was αradio = −0.725± 0.091
SNR G1.9+0.3 was observed with the Chandra X-Ray
Observatory by a team (PI: Kazimierz Borkowski) in Ob-
servation 12691 on May 9, 2011. The ACIS-S chip was
used for 184.0 ks. To use the data from the x-ray ob-
servations we first had to extract the spectra out of the
image. Then we imported this spectra into XSPEC to
further analyze it. We used the tbabs absorption model
and a simple power law emission model to fit the data.
We argue against using the srcut model extending from
radio to X-rays, because we expect a synchrotron cool-
ing break below the x-ray band. We therefore fit the
radio and X-ray data separately. The X-ray model was
decided to be a good fit, by simulating 10,000 spectra
where only 57% of realizations were found better than
the observed spectra. We convert the photon index, as
mostly used in X-ray analysis software, into the spectral
index to compare with radio observations. We found that
αXray = −1.335± 0.045.
Finally, in Figure 4 we plot the observed values of the
spectral index and compare it with the predictions from
our fiducial model. Note, that this is not a fit, but merely
a comparison to show that our model naturally predicts
the observed steepening in the spectral index from the
radio to the x-rays.
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10. DISCUSSIONS
We have shown that circumstellar interaction in young
supernova remnants is an useful tool in trying to discern
progenitors of thermonuclear supernovae. We have de-
veloped a new diagnostic, the Surface Brightness Index,
relating flux and size evolution of remnants. In particu-
lar, we favor a DD scenario for SNR G1.9+0.3. Based on
application of our models to SNR G1.9+0.3 we present
here a prescription to evaluate other young supernova
remnants that are observed in x-ray and/or radio. These
recommendations would be helpful in deducing the na-
ture and surroundings of a Type Ia supernova.
• Observe the flux density and size of the remnant to
determine how they change in time.
• Re-construct Figure 2 and plot the observed ratio
of the fractional changes in flux and radius.
• Compare this observed ratio with theoretical pre-
dictions for the Surface Brightness Index.
• Rule out either SD or DD scenarios.
• Use appropriate equations from Section 7, to deter-
mine explosion energy and circumstellar density.
Type Ia supernovae are responsible for much of the
heavy elements in the universe and of fundamental im-
portance as distance indicators in cosmology. In such a
situation, identification of their progenitors is a matter
of utmost concern. Opinion is divided mostly between
SD and DD scenarios. In this work we have shown that
circumstellar interaction in young supernova remnants
can be a useful discriminator between these possibilities.
We have used this technique to demonstrate that the
youngest Galactic supernova remnant SNR G1.9+0.3 is
likely the product of a DD progenitor system. Our model
shows that an SD scenario cannot produce a rising flux,
whereas the DD case does. Our result shows that Type
Ia supernovae can all have DD progenitors or a combina-
tion of SD and DD populations. The scenario in which
all progenitors are SD is ruled out.
We suggest that further progress can be made by deep
radio detections or tight upper limits, thanks to the in-
creased sensitivity of the upgraded VLA, of historical
Type Ia supernova in the local group. Radio observa-
tions of nearby Type Ia supernovae within a year of ex-
plosion (Chomiuk et al. 2015) put tight constraints on
SD progenitor scenarios. Late observations will be par-
ticularly useful for constraining DD progenitor scenarios
since they predict rising flux densities. Observations of
SN 1885A in M31, SN 1895B in NGC5253 and SN 1937C
in IC4182 with ∼ µJy level sensitivity will be especially
useful. Future observations of SN 2011fe are also im-
portant, even with the current upper limits (which puts
pressure on SD scenarios) as the DD scenario predicts
a rising lightcurve which may be detectable in the fu-
ture. In absence of pre-explosion progenitor detections,
for Type Ia supernovae, circumstellar interactions may
provide the most important insights into their hitherto
elusive progenitors.
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